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ABSTRACT

Controlled low-strength material (CLSM) is a self-consolidating cementitious
material used in applications requiring high flowability and low strength. The primary
components of this material, being cement and sand, however, negatively impact the
environment. Cement is a large contributor to CO2 emissions, and the vast depletion of
sand causes physical and political issues. Furthermore, over 100 million short tons of coal
combustion products (CCP), including fly ash and bottom ash, are created annually in the
United States, while nearly half of all CCP remain unused. No off-specification fly ash
has been implemented in CLSM. This study uses coal ashes sourced from two coal power
plants to fully replace the primary components of CLSM. Off-specification fly ash, a fly
ash disposed in landfills, and bottom ash, a non-combustible residue, fully replace cement
and sand, respectively, to create a sustainable alternative to conventional CLSM. The two
coal ashes were mixed with sodium hydroxide (NaOH) to develop geopolymer CLSM
mix designs. Two-part mix designs—mixes containing both a dry mix of bottom ash and
off-specification fly ash and a liquid NaOH solution—were optimized to have a
minimum of 8” spread without segregation and compressive strengths less than 300 psi
for excavatability. The one-part mix designs—mixes containing a dry combination of
bottom ash, off-specification fly ash, and NaOH pellets—improved the user-friendliness
of the material by eliminating the need for corrosive solution handling. Flowability tests,
compressive strength tests, and cost analyses were performed on the two-part and onepart mixes to find improvements in fresh and mechanical properties and a reduction in
cost up to 94% compared to conventional CLSM.
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1. INTRODUCTION

1.1. BACKGROUND
Controlled low strength material (CLSM) is defined by ACI Committee 229 as a
self-consolidating cementitious material used primarily as an alternative to compacted
fill. This material is otherwise known as flowable fill, flowable mortar, plastic soilcement, and soil cement slurry [1]. CLSM is often used for complex placement
operations where tight spaces or obstructions are included. CLSM is typically used for
backfilling applications such as conduit trenches, pipe beddings, and structural fills.
CLSM is used in additional applications including, but not limiting to, pavement bases,
erosion control, and soil stabilization [1].
CLSM is not soil-cement nor self-consolidating concrete (SCC), yet it has
properties of both. The fresh material has a slurry-like consistency, but it hardens within
hours of placement [2]. Conventional CLSM is composed of three primary components:
cement, fine aggregate, and water. The mix design is dependent on application,
availability, and cost. Coarse aggregate, supplementary cementitious materials (SCM),
and admixtures have also been incorporated into the mix design to improve specific
properties such as strength, flowability, and durability [1-6]. Additionally, CLSM is
readily available and locally sourced at many ready-mix companies. The CLSM is
prepared off-site by proportioning the ingredients at a ready-mix facility. The material is
then delivered into a mixing truck and transported to the construction site. Once the
material has been delivered, the CLSM is placed according to its application. The
material then levels and self-consolidates without the need for compaction or vibratory
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equipment [2, 4, 7]. Quality control and characterization of CLSM mixtures can be
carried out using the “Spread Test” measuring diameter per ASTM D6103 [8], the
“Slump Cone” test measuring vertical displacement per ASTM C143 [9], and the “Flow
Cone” test measuring the time of efflux per ASTM C939 [10].
For certain applications, embedded infrastructure may require repair or
replacement. Therefore, the compressive strength of the material is limited per ACI
Committee 229. The material is specified to have a long-term compressive strength lower
than 1200 psi. This value is further reduced to 300 psi when future excavatability by
machinery is probable and 100 psi if hand tools are to be used [1]. Additional parameters
for the material, testable by ASTM, include setting time, permeability, shrinkage,
excavatability, segregation, subsidence, settlement, thermal insulation/conductivity,
potential for corrosion, and compatibility with plastics [3, 11].

1.2. MOTIVATION
Currently, the two primary ingredients for CLSM contain controversial issues.
The cement industry is a primary source of CO2 emissions and is one of the largest
contributors to industrial process-related emissions. A study by the EPA [12] found that
for every metric ton of cement produced, there is an equivalent metric ton of CO2
emitted. The high CO2 emissions are due in part to the sources used to fuel the kilns for
clinker production, namely coal and petroleum coke, and the calcination of limestone
during the production process. Cement production has steadily increased since the 1980s,
and the total CO2 emissions increased by 15% from 1994 to 2001 [12]. Additionally, the
fine aggregate in CLSM, concrete, and other related materials is most commonly sand.
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With concrete being the most widely used material in the world behind water, this key
ingredient is vastly being depleted [13]. In a report by The Conversation [13], it was
stated that the “over-exploitation of global supplies of sand is damaging the environment,
endangering communities, causing shortages and promoting violent conflict.” In 2016,
the United States had a 24% increase in sand production from five years previous, with
production recording at 1,010 million metric tons [14]. This resulted in a value of $8.9
billion for production and use of construction sand and gravel. Additionally,
investigations have proven that sand mining has physically altered water-based
ecosystems, and it has increased suspended sediments and erosion in respective regions.
This has created significant impacts on numerous animal species, and it has threatened
the lives of people due to the increased vulnerability to floods and storms. [13]
The World Coal Association reported that coal produces nearly 40% of the total
electricity for the world [15]; and, in the United States alone, coal fuels 30% of all
electricity [16]. Some areas are even higher, such as Missouri, where coal generates over
80% of electricity [17]. Because of this, the waste resulting from the coal production
process has become an issue. In 2016, the United States alone reported that 107 million
short tons of coal combustion products (CCP) were created, and production has only
increased since then [18]. Out of these CCP, 44% were not used, and, therefore, disposed
of in landfills, in ash ponds, or by other means [19, 20]. These CCP can contain toxic
materials—heavy metals, such as arsenic, lead, mercury, et cetera—that can cause cancer
or nervous system impacts if consumed or inhaled. Other reports have mentioned cases of
organ damage and disease, birth defects, reproductive problems, and impaired bone
growth in children. Similarly, in ash ponds, small lakes containing watered down coal
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ash, there are linings separating the ash from the earth. However, over 100 communities
have been affected by toxic substances leaching into ground and surface waters due to
improper lining technologies, thus forcing residents to find new sources of water supply.
Similarly, the upkeep of these disposal systems, along with the potential risk of water and
site contamination, can hinder the success of many coal power companies. [21]
There are three key issues addressed: CO2 emissions caused by cement
production, physical and political issues caused by natural resource depletion, and
environmental and health impacts caused by CCP. The negative impacts caused by the
primary components in CLSM, cement and sand, can be reduced or eliminated by
partially to fully replacing these components with more sustainable alternatives.
Additionally, the harm caused by the storage and disposal of CCP can be significantly
reduced by incorporating these materials into applications, thus minimizing the products
disposed as waste.

1.3. LITERATURE REVIEW
1.3.1. Partial and Full Cement Replacement. To reduce the negative impacts
of CO2 emission, many researchers have analyzed various cementitious or pozzolanic
materials and methods for partial to full replacement of cement: blast furnace slag
powder [22], cement kiln dust [23], cementless binder [24, 25], gypsum wallboard [26],
incinerated sewage sludge ash [27], spray dryer ash [28], stainless steel reducing slag
[29], and wood ash [30, 31]. Some of these materials are combined with an alternative
process to hydration: geopolymerization. Geopolymerization is a binding process
produced by the reaction between aluminosilicate solids and an alkali activator [32].
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In a few studies, the cement issue was focused on for innovation of CLSM. Le
and Nguyen’s study [29] on partial cement replacement with stainless steel reducing slag
concluded that the alternative binder increased setting time and flowability and decreased
the compressive strength. Pierce et al. [23] performed a 50% replacement of cement with
cement kiln dust, while the remaining 50% of binder was fly ash. This cement
replacement improved flowability, and the resultant compressive strength remained
within excavatability limits. There were also observations of rapid setting. Raghavendra
and Udayashankar [22] used blast furnace slag as a partial cement replacement in
combination with incinerated sewage sludge ash as a replacement for the fly ash content.
This study observed a reduction in strength. Additionally, wood ash, when used as a
partial replacement for cement, was found to decrease the compressive strength [30, 31],
but the long-term strength was improved due to the pozzolanic characteristics of the
wood ash [31].
1.3.2. Hydration Process Alternative. Conventionally, the hydration process of
cement particles is the primary contributor to the strength development of CLSM.
However, it is possible to produce concrete having high structural performance while
modifying the strength developing mechanism by using geopolymerization.
Geopolymerization is the reaction between aluminosilicate solids and an alkaline solution
to form inorganic polymeric chains [33-36]. Therefore, industrial wastes high in
aluminum and silicon have been researched for applications as cementitious material
substitutions due to the compatibility with geopolymerization [34, 37].
There has been extensive research on producing geopolymer concrete for
structural applications [34, 35, 38-40]. Materials such as coal ash [35, 37, 38, 41-45],
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metakaolin [34, 37, 46], and slag [37, 41, 47] have been used. These materials have been
used in combination with alkaline solutions, such as sodium and potassium hydroxide
[34], to produce the geopolymer process. This has been minimally researched on
geopolymer CLSM [48]; however, results from the few studies show potential growth for
the geopolymer CLSM industry. In a study by Jamali and Naganathan [48], class F fly
ash, lime, and sodium hydroxide (NaOH) were used as the binder, and bottom ash was
used as the fine aggregate substitute. All mixtures showed required flowability for selfconsolidation properties and resistance to segregation. Results displayed as the content of
NaOH and lime increased, the compressive strength would improve. However, excess
alkaline solution could hinder the strength development due to reaction limitations.
Therefore, there is noted to be an optimum ratio for NaOH to reactive materials, such as
bottom ash and lime. In a study by Lee et. al. [49], fly ash, slag, and NaOH were used the
cementitious materials, and bottom ash was used as the fine aggregate. Flowability,
bleeding, compressive strength, density, air content, and settlement were studied. Trends
in ratios for NaOH/total binder, bottom ash/total binder and water/binder, slag/total
binder were used to develop optimized properties for compressive strength, flowability,
and bleeding, respectively.
1.3.3. Partial and Full Sand Replacement. To reduce the natural resource
depletion, researchers have used several fine aggregate substitutions have in CLSM:
artificial aggregate [24], bottom ash [28, 50-53], pond ash [24], cinder aggregate [54],
crushed glass [28, 55], crushed stone powder [27], corrugated fiberboard [56], crumb
rubber [28, 57-59], foundry sand [30, 60, 61], native soil [6, 25, 62], quarry dust [50],
recycled concrete fines [28], treated oil sand waste [63], and waste oyster shells [64].
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Cheung et al. [57] used crumb rubber as a fine aggregate replacement at 0%, 17%,
25%, and 100%. The mix designs were proportioned to yield flowability and compressive
strength as specified for CLSM. This study showed a reduction in long-term compressive
strength and flowability and an increase in entrapped air and bleeding. Wang et al. [59]
also observed an increase in flowability and setting time and a decrease in strength when
replacing the fine aggregate with crushed rubber and lightweight aggregate. In another
study with scrap tire rubber, there was comparable strength to conventional CLSM,
suitable flowability, no segregation of rubber, and no need for admixtures. However,
there was an observance of bleeding [58]. In a study by Chittoori et al. [6], two types of
native soil were used as the fine aggregate in CLSM. However, it was concluded that
cement must be added to the mixtures to achieve required compressive strengths for use
in pipe construction. This was states as especially true for soils containing high amounts
of clay due to the high plastic nature of the soil. Finney et al., also using native soil as the
aggregate, was able to develop mix designs that met the walkability and excavatability
requirements. However, there were challenges with variances in soil quality. In a study
by Hanson et al. [56], corrugated fiberboard replaced up to 6% of the fine aggregate. This
resulted in an increase in air content, water demand, and bleeding, and there was a
decrease in density and compressive strength. This decrease in compressive strength
provided excavatability. In a study by Kuo et al. [64], waste oyster shells replaced 5% to
20% of the fine aggregate. Due to the high absorption rate and salt content, the fresh and
mechanical properties were hindered at replacement rates above 5%. A study by Mneina
et al. [63] used treated oil sand waste to replace 5%, 10%, and 15% of the fine aggregate
in CLSM bound with fly ash and cement. The treated oil sand waste performed a 5%,
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10%, and 15% replacement on the fine aggregate. This alternative provided an increase in
strength, flowability, and drying shrinkage, and it provided a decrease in water demand,
density, and bleed water. Nataraja and Rao [54] tested the effects when cinder aggregate
replaced fly ash at 5%, 10%, 15%. This alternative yielded a decrease in density, water
absorption, and creep, and it increased the compressive strength. Ohlheiser [55] studied
crushed glass as a fine aggregate with fly ash, cement, and air entraining agents. The
mixture had an improvement in flowability. Tikalsky et al. [61] fully replaced the fine
aggregate with foundry sand. For this experimental study, cement and fly ash were used.
Crushed limestone, chemically bonded foundry sand, and clay-bonded foundry sand were
all compared as fine aggregate alternatives. The chemically bonded foundry sand
required more fly ash to mitigate bleeding, but the clay-bonded foundry sand required an
increase in cement content to reach the strength requirement.
1.3.4. Cement and Sand Replacement. Some researches incorporate
replacements for both the cement and fine aggregates. In a study by Do et al. [24],
artificial aggregate made of bauxite residue as the fine aggregate, cementless binder made
of dehydrated material, inactivator, and slag as the cement, and pond ash as the
supplementary cementitious material were used. The cementless binder provided
segregation control and required strength and flow, and the artificial aggregate increased
the compressive strength. Flowability and excavatability specifications were maintained.
In a study by Horiguchi et al. [27], blast furnace slag replaced up to 80% of the cement,
incinerated sewage sludge ash replaced the fly ash, and crushed stone powder fully
replaced the aggregate in the CLSM mixtures. This design displayed excessive bleeding
but increasing strength with the increase in cement replacement, and the crushed stone
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powder mitigated the bleeding as opposed to mixtures containing river sand. The
incinerated sewage sludge ash decreased the flowability and the compressive strength,
but the proportions of all components could be adjusted to meet the specifications. In a
study by Naganathan et al. [50], quarry dust performed a full sand replacement and was
used in addition to cement, fly ash, and gypsum wallboard. The strength was reduced,
and the water demand increased when used with gypsum wallboard. Additionally, the
compressive strengths exceeded the excavatability limit at 56 days. Raghavendra and
Udayashankar [26] also used gypsum wallboard as a partial cement replacement with the
inclusion of fly ash and a full replacement of the fine aggregate with quarry dust. The
results displayed an increase in water demand and a reduction in strength.
1.3.5. Coal Ash Substitution. A few studies incorporated bottom ash into the
mix design for CLSM. Jamali and Naganathan [48] used fly ash, lime, and NaOH
solution to produce geopolymer cementitious materials in CLSM. Bottom ash fully
replaced the fine aggregate. In this study, NaOH solution reacted in addition to lime to
provide the primary strength development. The mixtures displayed suitable flowability
and segregation resistance, but the bottom ash did increase the water demand. Another
study found that mixes containing bottom ash and cement could meet excavatability and
leachate requirements [53]. In a study by Kim et al. [25], a coal ash-based CLSM was
analyzed with bottom ash used as the fine aggregate, and cementless binder made of
granulated blast furnace slag and other alkali activators was used as the cement
replacement. The study analyzed the effects of the material when native soil replaced the
bottom ash aggregate at rates from 0% to 40%. The native soil decreased the compressive
strength, and the cementless binder increased the setting time and bleeding. Gemperline
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and Durham [28] studied several parameters. Spray dryer ash performed 90%, 95%, and
100% replacement of cement. This decreased the strength due to sulfate attack.
Additionally, several fine aggregate alternatives were analyzed at 25%, 75%, and 100%
replacement: bottom ash, crumb rubber, crushed glass, and recycled concrete fines. It
found that the bottom ash increased the water demand to maintain flowability, thereby
decreasing the compressive strength. The crushed glass yielded similar results. The
crumb rubber and recycled concrete fines hindered the mechanical properties, not
reaching the structural compressive strength limits for pipe bedding applications, but the
lightweight properties of crumb rubber made it suitable for special applications. In
another study, it was found that bottom ash, recycled in-situ soil, and crumb rubber could
be used as fine aggregate alternatives, in addition to fly ash and cement, to yield
advantageous properties for underground pipeline system stabilization [51].

1.4. CONTRIBUTION
The effects of natural resource depletion and the greenhouse gas emissions from
cement have both been addressed in the construction material industry. However, the coal
ash issue has only been addressed by a few researchers in the CLSM industry. According
to the 2016 statistics by the American Coal Ash Association (ACAA), over 10 million
short tons of bottom ash are produced annually, and only 37% is used. The ACAA
statistics also state that nearly 60% of produced fly ash is used, and only 0.3% of used fly
ash is incorporated into CLSM. However, no off-specification fly ash has been used for
any market [65], and no bottom ash was recorded as being used for CLSM in commercial
practice [19]. Because of this issue, a few researchers have initiated the implementation
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of coal ash waste. Bottom ash, for instance, has been used as a replacement for fine
aggregate [28, 50-53]. It was found that mix designs containing bottom ash had a trend
for increased water demand, but many mix designs had resultant properties that were in
accordance to conventional CLSM standards. However, most of these studies performed
only a partial replacement of bottom ash, so the usage of bottom ash was not maximized.
Similarly, most studies still utilized cement in the mix design, thus the emissions from
cement production were not eliminated by these designs. Additionally, in the study by
Jamali and Naganathan [48], the mechanism of geopolymerization was utilized to
eliminate the need for cement; however, off-specification coal ash was not incorporated
as a cement substitute in this research, and its more greatly used counterpart, class F fly
ash, was used instead. Additionally, multiple geopolymer components were used to
replace cement. This, in turn, would increase the cost of the material.
By using geopolymerization theory, coal ashes can be used as full replacements
for cement and fine aggregate in CLSM mix designs. By using these materials in
coordination with an alkaline substance, the need for cement and sand can be completely
removed. This can reduce coal ash waste, greenhouse gas emissions from cement
production, and negative effects from natural resource depletion. Similarly, by
incorporating coal combustion process waste products and a single alkaline material, the
cost for the material can be significantly reduced.
This thesis investigates the feasibility of fully replacing the CLSM constituents of
cement and fine aggregate with off-specification fly ash and bottom ash, respectively,
through geopolymerization. The study analyzed varying molarities and quantities of
sodium hydroxide (NaOH), forms of NaOH, and bottom ash-to-off-specification fly ash
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ratios to optimize the compressive strength parameters while meeting flowability and
excavatability specifications. Additionally, this study performed performance and cost
analyses between geopolymer and conventional CLSM.
This thesis consists of five sections. Section 1 is the introduction that discusses
the background of CLSM, along with a literature review, and the organization of this
study. Section 2 discusses the material properties. Section 3 is the experimental program.
Section 4 discusses the results. Section 5 consists of the conclusions from this research
program, along with recommendations for future work.
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2. MATERIAL CHARACTERIZATION AND PROPERTIES

2.1. GEOPOLYMER MIX MATERIALS
Two types of off-specification coal ash—off-specification fly ash and bottom
ash—were used in this study. Most off-specification fly ash, due to the lack of further
application, is disposed of in landfills. Bottom ash, a coarser combustion product than fly
ash found at the bottom of the boiler, is also frequently disposed—most commonly in ash
ponds [20]. Each of these types of coal ash were sourced from two coal power plants: the
Labadie power plant of Labadie, Missouri, and the Meramec power plant of St. Louis,
Missouri. The bottom ash (BA) was received in a damp condition in sealed 5-gallon
buckets. The material was oven dried prior to usage. The off-specification fly ash (LFA),
was received in a dry condition in sealed 5-gallon buckets. Figure 2.1 shows images of
the respective materials. Additional photographs of these materials can be found in the
Appendix.
Sodium hydroxide (NaOH) pellets were used as the alkaline material for the
geopolymerization process. The pellets were combined with deionized water to create an
alkaline solution of desired molarity. The solution set for a minimum of two hours prior
to usage to allow the heat caused by exothermic reaction to be released.
2.1.1. Physical Properties. The bottom ash was oven dried at the standard drying
temperature of 230° F prior to experimental usage. Physical property testing was
performed on the bottom ash to compare to standard concrete fine aggregate. The first
test performed was a physical composition test, or sieve analysis, to measure the
percentage of coarse particles, fine particles, and powder particles within the samples.
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(a) Meramec Off-specification Fly Ash

(b) Meramec Bottom Ash

(c) Labadie Off-specification Fly Ash

(d) Labadie Bottom Ash

Figure 2.1: Coal Ash from Two Missouri Coal Power Plants

Particles retained on sieve #4 were considered coarse, particles retained between sieve #4
and #200 were considered fine particles, and particles passing sieve #200 were
considered powder particles. Table 2.1 shows the percent composition of each particle
type determined from the sieve analysis for the Meramec and Labadie bottom ashes. The
results concluded that the material is primarily composed of fine particles at 66.7% for
Meramec and 78.4% for Labadie bottom ash.
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Table 2.1: Physical Composition of Bottom Ash
Source
Meramec
Labadie

Physical Composition
% Coarse
% Fine
% Powder
11.4
66.7
21.8
12.4
78.3
9.20

The fine particles retained between sieve #4 and sieve #200 were collected for
further testing. The gradation for the fine particles were analyzed per ASTM C136;
however, the particles were not washed prior to testing. The results were then compared
to ASTM C33 for standard concrete fine aggregate since concrete sand is a common fine
aggregate used in conventional CLSM. Figure 2.2 represents the gradation of the two
sources alongside the ASTM upper and lower limits as specified by ASTM C33. The
figure shows that the Meramec bottom ash fine particles do not meet the ASTM upper
limit. This means that there is a higher percentage of fine particles than recommended for
ideal conditions. However, the results for this excess in finer particles could be due to the
lack of particle washing prior to testing. The Labadie bottom ash fine particles met both
ASTM C33 upper and lower limits.
Additional physical property testing was performed on the bottom ash fine
particles: materials finer than #200 sieve, Micro Deval abrasion test, uncompacted voids,
and organic impurities. The results from these tests are listed in Table 2.2. The amount of
powder particles coating the fine particles was first tested on the fine particles of the
bottom ash samples. The test was performed per ASTM C117. From this analysis, it was
found that Meramec has a percentage of materials finer (% powder) twice that of its
Labadie counterpart. Through the Micro Deval test for fine aggregates (ASTM D7428), it
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was also found that Meramec has a higher percentage of material lost during abrasion
than the Labadie sample. The uncompacted voids test (ASTM C1252) for both sources
showed uncompacted voids higher than 50%, with Meramec having nearly 20% more
uncompacted voids than Labadie. These three analyses were consistent with the fact that
Meramec has higher fine and powder particle composition and poor gradation.

100%

Cumulative % Passing

90%
80%
70%

MBA
Labadie
ASTM Upper Limit
ASTM Lower Limit

60%
50%
40%
30%
20%
10%
0%
0.01

0.1

1

10

Sieve Size (mm)
Figure 2.2: Gradation of Bottom Ash Fine Particles

Similarly, the lower resistance to abrasion will inevitably result in an even higher
composition of finer particles when subject to any abrasive forces. This will likely result
in a worse gradation for the material. Contrastingly, the Labadie sample is well-graded,
which is consistent with the lower result for the uncompacted voids analysis. Lastly, both
sources passed the organic purities test (ASTM C40), so the materials are confirmed to
contain no injurious organic impurities.
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Table 2.2: Physical Properties of Bottom Ash Fine Particles
Source
Meramec
Labadie

Materials Finer
% Powder
2.60
1.17

Micro Deval
% Material Lost
12.6
8.48

Uncompacted
Voids (%)
75.2
56.9

Organic
Impurities
0
2

The Meramec and Labadie bottom ash fine particles underwent specific gravity
and water absorption testing per ASTM C128. Per the results listed in Table 2.3, the oven
dry (OD), saturated, surface dry (SSD), and apparent (APR) specific gravities for
Meramec were more than 10% greater than that of Labadie for all conditions, but
Meramec was determined to have half the water absorption potential of the Labadie
sample.

Table 2.3: Specific Gravity and Water Absorption of Bottom Ash Fine Particles
Source
Meramec
Labadie

OD
2.53
2.20

Specific Gravity
SSD
2.58
2.29

APR
2.67
2.41

Water
Absorption (%)
2.20
4.00

2.1.2. Chemical Properties. The bottom ash and off-specification fly ash from
the Meramec and Labadie power plants were analyzed for chemical properties. The
bottom ash was separated into two sample types and tested separately: fine particles and
powder particles. The mineral concentrations were tested by using x-ray fluorescence for
each particle type: bottom ash fine particles, bottom ash powder particles, and off-
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specification fly ash. The bottom ash fine particles were ground into a fine powder prior
to testing. The bottom ash powder particles and off-specification fly ash were tested in
original form. From the mineral compositions listed in Tables 2.5 to 2.7 below, it is
confirmed that all materials used in this study have similar chemical compositions. The
off-specification fly ash and bottom ash from both sources have significant compositions
of SiO2, CaO, and Al2O3
Table 2.4 shows the chemical composition by percent weight of mineral (%Wt)
for the bottom ash fine particles. Two samples of Meramec, three samples of Labadie,
and an average of the samples are listed. The highest composition for both sources, in
descending order, were SiO2, CaO, and Al2O3. Meramec samples were composed of an
average of 46% of SiO2, 22% of CaO, and 18% of Al2O3. Labadie samples were of an
average of 45% of SiO2, 23% of CaO, and 18% Al2O3.

Table 2.4: Mineral Composition (%Wt) of Bottom Ash Fine Particles
Meramec Samples

Labadie Samples

Mineral

1

2

Average

1

2

3

Average

Na2O

0.53

0.49

0.51

0.66

0.69

0.70

0.69

MgO

3.69

3.66

3.68

3.91

3.79

3.94

3.88

Al2O3

18.1

18.1

18.1

18.3

18.2

18.4

18.3

SiO2

46.0

45.9

45.9

44.6

44.7

44.7

44.7

P2O5

0.93

0.90

0.92

0.81

0.83

0.80

0.81

K2O

0.50

0.53

0.52

0.45

0.42

0.39

0.42

CaO

21.9

21.9

21.9

23.0

23.0

22.9

23.0

TiO2

1.48

1.48

1.48

1.44

1.46

1.43

1.44

Fe2O3

6.83

6.90

6.86

6.71

6.75

6.71

6.73
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Table 2.5 shows the chemical composition by percent weight of mineral (%Wt)
for the bottom ash powder particles. Two samples of Meramec, three samples of Labadie,
and an average of the samples are listed. The highest composition for both sources, in
descending order, were SiO2, CaO, and Al2O3. Meramec samples were composed of an
average of 42% of SiO2, 25% of CaO, and 18% of Al2O3. Labadie samples were
composed of an average of 40% of SiO2, 26% of CaO, and 18% Al2O3.

Table 2.5: Mineral Composition (%Wt) of Bottom Ash Powder Particles
Meramec Samples

Labadie Samples

Mineral

1

2

Average

1

2

3

Average

Na2O
MgO

0.40
3.97

0.38
4.01

0.39
3.99

0.59
4.42

0.71
4.50

0.52
4.35

0.61
4.42

Al2O3

17.7

17.6

17.6

18.3

17.7

18.4

18.1

SiO2

42.2

41.0

41.6

39.4

40.7

39.5

39.9

P2O5

1.16

1.20

1.18

1.13

1.09

1.10

1.11

K2O
CaO

0.48
24.6

0.50
25.5

0.49
25.0

0.43
26.6

0.47
25.9

0.43
26.6

0.44
26.3

TiO2

1.56

1.59

1.57

1.56

1.54

1.59

1.56

Fe2O3

7.92

8.27

8.09

7.51

7.32

7.56

7.46

Table 2.6 shows the chemical composition by percent weight of mineral (%Wt)
for the off-specification fly ash particles. Two samples of Meramec, three samples of
Labadie, and an average of the samples are listed. The highest composition for both
sources, in descending order, were SiO2, CaO, and Al2O3. Meramec samples were
composed of an average of 38% of SiO2, 25% of CaO, and 20% of Al2O3. Labadie
samples were composed an average 36% of SiO2, 27% of CaO, and 20% Al2O3.
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Table 2.6: Mineral Composition (%Wt) of Off-Specification Fly Ash Powder Particles
Meramec Samples

Labadie Samples

Element

1

2

Average

1

2

3

Average

Na2O
MgO

1.32
5.08

1.25
4.91

1.29
4.99

1.45
5.39

1.46
5.45

1.36
5.23

1.43
5.36

Al2O3

20.1

20.0

20.1

19.8

19.8

19.5

19.7

SiO2

38.3

38.4

38.3

36.2

36.3

35.4

36.0

P2O5

1.80

1.80

1.80

1.97

1.95

1.99

1.97

K2O
CaO

0.49
25.0

0.50
25.1

0.49
25.0

0.53
26.6

0.51
26.5

0.51
27.6

0.52
26.9

TiO2

1.44

1.44

1.44

1.44

1.47

1.55

1.49

Fe2O3

6.52

6.57

6.54

6.52

6.53

6.89

6.65

The off-specification fly ash samples were then tested for classification per
ASTM C618. The chemical composition and carbon content (loss on ignition) were
compared to the requirements for fly ash classification as set by the standard mentioned.
The results from this analysis are displayed in Table 2.7, where LFA is off-specification
fly ash. Due to the high composition of SiO2 and Al2O3 for all samples from both sources,
the chemical composition meets the requirement for class C. However, the carbon content
is above the maximum limit for both sources. Therefore, both sources of fly ash are
confirmed to be off-specification fly ash due to high contents of carbon, labeled as loss
on ignition. The carbon values were determined by using x-ray photoelectron
spectroscopy.
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Table 2.7: Chemical Composition of Off-Specification Fly Ash

N

ASTM C618
F

C

Meramec Labadie
LFA
LFA

SiO2 + Al2O3 + Fe2O3

70.0 (min)

70.0 (min)

50.0 (min)

64.9

62.4

Loss on Ignition, %

10.0 (max)

6.0 (max)

6.0 (max)

11.2

13.0

2.2. CONVENTIONAL MATERIALS
Conventional CLSM materials were also used within this study for the reference
specimens. The sand used in the control mixture was river sand. The sand was oven dried
and cooled prior to usage. The cementitious materials for the material included type I/II
Portland cement and class C fly ash obtained from the Labadie coal power plant.
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3. EXPERIMENTAL PROGRAM

3.1. EFFECTS OF MOLARITY
The first step of the study tested the compatibility of alkaline solution with the
coal ashes. Two mix design types of controlled-low strength material (CLSM) specimens
were tested: Meramec Mix (M) and Labadie Mix (L). The specimens were created by
mixing off-specification fly ash and bottom ash with NaOH solution and water. A control
mixture was made without any alkaline solution, labeled as “0 M” for “no solution.”
Then, a comparison analysis was performed by preparing two additional mixes of each
mix design type equal in all proportions but differing in NaOH solution molarities: 5
molar (5 M), and 10 molar (10 M). The liquid content, the sum of water and NaOH
solution, was to be kept constant throughout all mix designs. In total, three mixtures were
made: one with no solution, one with low molar solution, and one high molar solution.
The compressive strength results for these mix designs were then compared to determine
if the addition of an alkaline solution would affect the mechanical properties, thereby
concluding the presence of geopolymerization.
For this stage, material mixing, material placement, specimen curing, and
specimen compressive strength testing procedures were established. These procedures are
discussed within this section. Compressive strength is the only parameter tested within
this molarity analysis.
3.1.1. Mixing. The mixing process for this stage was done in a Hobart
commercial stand mixer. The aggregate (BA) was added firstly and then the powder
(LFA). These dry particles were mixed until homogenous, approximately 30 seconds at
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the slowest speed. The water was slowly added, allowing the dry material to saturate as to
prevent intense segregation or clumping. Once reaching a damp homogenous material,
the alkaline solution was slowly added for approximately 30 seconds. The material was
then mixed until no longer segregated, thereby representing a smooth, fluid, homogenous
mixture (for at least 2 minutes).
Two specimens of each mix design were made. All mix designs tested in this
stage are listed in Table 3.1. The labels for each mix are labeled according to the
following legend. The M (Meramec) and L (Labadie) represent the coal ash source, the 0
M (0 molar or no NaOH solution) and 5M (5 molar NaOH solution) and 10M (10 molar
NaOH solution) represents the alkaline solution content, and the A (Ambient) represents
the curing temperature. All mixes were made by combining off-specification fly ash
(LFA), bottom ash (BA), water (W), and NaOH solution (S). The molarity of the alkaline
solution and the curing temperature (T) in degrees Fahrenheit (°F) are also listed.

Table 3.1: Molarity Effect Testing Mix Designs

Mix Design
M-0M
M-5M
M-10M
L-0M
L-5M
L-10M

Proportions by Weight
LFA
BA
W
S
1.00
1.00 0.72 0.00
1.00
1.00 0.45 0.30
1.00
1.00 0.45 0.30
1.00
1.00 0.48 0.00
1.00
1.00 0.22 0.33
1.00
1.00 0.22 0.33

Molarity
0.00
5.00
10.0
0.00
5.00
10.0

T (°F)
73.0
73.0
73.0
73.0
73.0
73.0

3.1.2. Material Placement. The CLSM mixtures were placed into 5.5” wood
cube molds, as shown in Figure 3.1. Each mold section is connected with screws, so

24
demolding the specimen can be performed by simply unscrewing the sides containing the
specimen. Cylinder molds were not used for material placement since the low strength of
the material would inhibit the ability to demold the CLSM without damaging the
specimens. Finishing was performed on the open face to create a smooth surface,
primarily for compression testing purposes.

Figure 3.1: CLSM Wood 5.5” Cube Specimen Mold

3.1.3. Curing. The molds were placed in the ambient curing environment, at a
temperature of (73°F), directly after material placement. The specimens were not covered
and left in an open environment as to observe environmental effects. The specimens were
then demolded after 24 hours of curing for further testing.
3.1.4. Compression Strength Testing. After the designated curing time of 24
hours, the cube specimens were demolded and tested using the Tinius Olson compression
machine, as seen in Figure 3.2. The cube was placed on a circular plate. Then, a thin,
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lightweight square metal plate was placed directly on top of the cube specimen as to
evenly distribute the load.

Figure 3.2: Compressive Strength Testing Setup

The concrete cylinder setting for concrete was used for compression testing. The
load was applied at 500 pounds per minute until specimen failure. The ultimate load
recorded for each specimen was then used for compression strength calculations per
Equation (1).

𝐶𝑜𝑚𝑝𝑟𝑒𝑠𝑠𝑖𝑜𝑛 𝑆𝑡𝑟𝑒𝑛𝑔𝑡ℎ (𝑝𝑠𝑖) =

𝑈𝑙𝑡𝑖𝑚𝑎𝑡𝑒 𝐿𝑜𝑎𝑑 (𝑙𝑏)
𝐴𝑟𝑒𝑎 (𝑖𝑛2 )

÷ 1.2

(1)

Since the specimens were in the shape of a cube, the overall results were divided
by a factor of 1.2 to directly correlate the results with concrete cylinders [66, 67].
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3.2. EFFECTS OF TEMPERATURE
Another comparison was done through varying curing temperatures. Specimens of
each type were made and cured at an ambient temperature (A) or a hotter, summer
temperature (H). The strengths of the ambient-cured specimens, one specimen per each
molarity, were compared to specimens cured at a hotter, summer temperature to
determine the direct effects of temperature on specimens containing NaOH solution. The
increase in compressive strength, or the sensitivity to heat, aided in the compatibility
analysis for the coal ash with the alkaline solution. The effects of alkaline solution
molarity and specimen curing temperature were analyzed to determine whether
geopolymerization would be a governing mechanism in the coal ash-based CLSM.
Compressive strength is the only parameter tested within this temperature analysis.
3.2.1. Mixing. The mixing procedure remained consistent with the molarity
analysis. Refer to Section 3.1.1 for the mixing procedure.
Two specimens of each mix design were made. All mix designs tested in this
stage are listed in Table 3.2. The labels for each mix are labeled according to the
following legend. The M (Meramec) and L (Labadie) represent the coal ash source, the 0
M for (0 molar or no solution) and 5M (5 molar solution) and 10M (10 molar NaOH
solution) represents the alkaline solution content, and the A (ambient) and H (hotter,
summer) represents the curing temperature. All mixes were made by combining offspecification fly ash (LFA), bottom ash (BA), water (W), and NaOH solution (S). The
molarity of the alkaline solution and the curing temperature (T) are also listed in the
table.
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Table 3.2: Temperature Effect Testing Mix Designs

Mix Design
L-0M-A
L-5M-A
L-5M-H
L-10M-A
L-10M-H

Proportions by Weight
LFA
BA
W
S
1.00
1.00 0.48 0.00
1.00
1.00 0.22 0.33
1.00
1.00 0.22 0.33
1.00
1.00 0.22 0.33
1.00
1.00 0.22 0.33

Molarity
0.00
5.00
5.00
10.0
10.0

T (°F)
73.0
73.0
86.0
73.0
86.0

3.2.2. Material Placement. Refer to Section 3.1.2.
3.2.3. Curing. Two specimens of each mix design were made and left in the
mold. One mold was cured at ambient temperature (73°F), and one was placed in an oven
set at a hotter, summer temperature (86°F). The molds were placed in the curing
environment directly after material placement and left for 24 hours.
3.2.4. Compression Strength Testing. Refer to Section 3.1.4.

3.3. OPTIMIZATION OF TWO-PART GEOPOLYMER CLSM MIX DESIGN FOR
WORKABILITY AND STRENGTH
An analysis was performed on the effects of the mixing proportions on the
performance parameters, notably the flowability and compressive strength. Mix designs
were developed containing two parts. One part of the mixture contained a dry
combination of off-specification fly ash and bottom ash. The second part of the mixture
was a prepared 10 M NaOH solution. The two parts of this mixture was combined with
mixing water to develop two-part geopolymer CLSM mixes. The testing procedures for
this analysis are listed accordingly.
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3.3.1. Mixing. A Hobart standing mixer was used, and the mixing procedure
stayed consistent with the previous stage (refer to Section 3.1.1). The dry materials were
mixed until homogenous, and then the wet materials were added slowly. The combined
materials were mixed until a homogenous consistency was reached.
The mix designs for the Meramec (M) and Labadie (L) mixtures are listed in
Table 3.3 and Table 3.4, respectively. The proportions for off-specification fly ash (LFA)
and bottom ash (BA) remained constant, equaling in parts by weight. The water content
(W) and NaOH solution (S) proportions were adjusted to measure changes in
performance. The molarity of the solution remained constant at 10 M throughout this
phase.

Table 3.3: Meramec Two-Part Mix Designs

Mix Design
M-01
M-02
M-03
M-04
M-05
M-06
M-07
M-08
M-09
M-10
M-11
M-12
M-13
M-14

LFA
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00

Proportions by Weight
BA
W
S
1.00
0.80
0.00
1.00
0.70
0.10
1.00
0.60
0.20
1.00
0.70
0.20
1.00
0.70
0.25
1.00
0.60
0.30
1.00
0.70
0.30
1.00
0.80
0.30
1.00
0.65
0.35
1.00
0.40
0.40
1.00
0.60
0.40
1.00
0.65
0.40
1.00
0.70
0.40
1.00
0.50
0.50
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Table 3.4: Labadie Two-Part Mix Designs

Mix Design
L-01
L-02
L-03
L-04
L-05
L-06
L-07
L-08
L-09
L-10
L-11
L-12
L-13

LFA
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00

Proportions by Weight
BA
W
1.00
0.60
1.00
0.45
1.00
0.55
1.00
0.45
1.00
0.50
1.00
0.45
1.00
0.50
1.00
0.52
1.00
0.40
1.00
0.45
1.00
0.47
1.00
0.50
1.00
0.40

S
0.00
0.05
0.05
0.10
0.10
0.13
0.13
0.13
0.15
0.15
0.15
0.15
0.20

3.3.2. Spread Test. A prominent plastic property of CLSM is the consolidation
abilities. This property is commonly tested using a flow consistency method, as specified
by ASTM D6103. To perform this test, a nonporous and hollow cylindrical tube (Figure
3.3) with a length of 6 inches and a diameter of 3 inches is place on a nonporous surface
and then filled with CLSM. The tube is then vertically lifted to allow the material to flow
out. The spread of the material is then measured by calculating the average diameter of
the spread of material (Figure 3.4). To have CLSM of proper consistency, the material
must not be observably segregated, and the final spread measurement should be at least 8
inches [8].
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Figure 3.3: Spread Test Apparatus

Figure 3.4: Spread Test Measurement Method

3.3.3. PH Test. An Extech pH probe (Figure 3.5), containing a buffer solution,
was calibrated. Once the CLSM mixture was properly mixed and ready for pouring, a pH
probe was inserted in several locations within the mix. The average pH value was then
recorded.
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Figure 3.5: Extech pH Probe

3.3.4. Material Placement. Refer to Section 3.1.2.
3.3.5. Curing. The specimens were left in molds and cured at ambient
temperature for 24 hours. After 24 hours, the specimens were then demolded.
3.3.6. Compressive Strength Test. Refer to Section 3.1.4.

3.4. ONE-PART GEOPOLYMER CLSM MIX DESIGN
A one-part dry bag mix theory was tested. To perform this, specimens containing
alkaline solution were compared to specimens containing dry NaOH pellets as the
alkaline material. The equivalent water and NaOH quantities were proportioned for the
mix designs as to result in equivalent net water and NaOH content. Therefore, the onepart mix—a dry off-specification fly ash, bottom ash, and NaOH pellet mixture—would
only need mixing water added to it to produce CLSM. The one-part mix was proposed to
improve the user-friendliness of the material by eliminating the need for corrosive
solution handling. The two-part CLSM mixes required the addition of water and
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corrosive NaOH solution, whereas the one-part mix only requires the addition of mixing
water. A comparison study was done between the two-part and one-part mix designs.
For a second one-part mix study, a new mix design was developed to improve the
excavatability properties of the geopolymer CLSM. The off-specification fly ash-tobottom ash ratio was adjusted from 1:1 to 1:3 to increase the use of bottom ash.
Optimized two-part mix designs, meeting flowability and compression strength
requirements, from the previous study were selected to be used for the development of
the one-part mix designs. The ratio was only adjusted for the dry mixture as to focus on
optimization of coal ash mitigation and user-friendliness. Therefore, in total, three types
of mixtures were analyzed— “wet,” “dry,” and “dry ratio-adjusted”— to compare the
flowability and compressive strength of the mixes. An optimized two-part geopolymer
CLSM mix design was selected from both the Meramec and Labadie mix design pools.
Then, a one-part geopolymer mixture was developed by replacing the alkaline solution
with NaOH pellets in the mix design. A third mixture, also a one-part geopolymer CLSM
mix, was made with an increased bottom ash proportion. This analysis compares the
effects on fresh and mechanical properties caused by the form of alkaline material used,
and it analyzes the effects caused by the content of powder (LFA) to aggregate (BA).
Additionally, an analysis was performed on one-part mix designs to study the
mechanical properties of the one-part geopolymer CLSM over time. One mix contained a
high amount of NaOH content, while the other contained a low content of NaOH. This
study was performed to determine the mechanical properties of the one-part geopolymer
CLSM. The strength development curves were compared within this study.
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3.4.1. Mixing. A Kobalt rotating drum mixer (Figure 3.6) with a 1.5 cubic feet
capacity was used for this study. The drum was cleaned thoroughly and then saturated
with water prior to usage.
For the solution-based (two-part) specimens, the BA was added firstly and then
the LFA. The dry materials were mixed thoroughly, for up to a minute. Then, half of the
water was slowly added, and the mixer was rotated until the mixture was homogenous.
The solution was added very slowly to prevent clumping, and then the remaining water
was gradually added. The mixer was rotated until homogenous consistency was achieved.
For the pellet-based (one-part) specimens, all three materials were initially added
to the mixer—BA, LFA, and NaOH pellets—and mixed until homogenous, slowly
adding water to prevent dry material from escaping the mixer. The mixing water was
slowly added across several minutes, periodically pausing, as to allow the dry material to
saturate without clumping and segregating.

Figure 3.6: Kobalt Mixer
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The mix designs for the one-part mix analysis are listed in Table 3.5. First, the
content of NaOH pellets in the 10 M NaOH solution for the two-part mix was calculated.
This content would be added to the one-part mix in the form of dry pellets. The water
used in the two-part mix design to create the 10 M NaOH solution was then added to the
mixing water for the one-part mix design. Therefore, in the end, the same equivalent
amounts of water and NaOH pellets were included in both two-part and one-part mix
designs. Off-specification fly ash (LFA), bottom ash (BA), water (W), equivalent water
(Weq), 10 M NaOH solution (S), and NaOH pellets (P) proportions are listed accordingly.
Two mix designs from each coal ash were selected for this experiment.

Table 3.5: Mix Designs for One-Part Mix Analysis

Mix Design
M-07-W
M-07-D
M-09-W
M-09-D
L-05-W
L-05-D
L-13-W
L-13-D

LFA
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00

Proportions by Weight
S
BA
W
Weq
1.00
0.70
0.30
1.00
0.91
1.00
0.65
0.35
1.00
0.90
1.00
0.50
0.10
1.00
0.57
1.00
0.40
0.20
1.00
0.54
-

P
0.09
0.10
0.03
0.06

The mix designs for this analysis are listed in Table 3.6. Mix design #7 for
Meramec (M-07) and mix design #5 for Labadie (L-05) from the two-part CLSM study
were selected as the mixes for this analysis. The mix designs are labeled according to
source, mix design number, and type. The three types are as follows: two-part or “wet”
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(W) mix, one-part or “dry” (D) mix, and one-part or “dry” mix with a ratio adjustment
(DR). Off-specification fly ash (LFA), bottom ash (BA), water (W), equivalent water
(Weq), 10 M NaOH solution (S), and NaOH pellets (P) proportions are listed accordingly.

Table 3.6: Mix Designs for Coal Ash Ratio-Adjustment Analysis

Mix Design
M-07-W
M-07-D
M-07-DR
L-05-W
L-05-D
L-05-DR

LFA
1.00
1.00
1.00
1.00
1.00
1.00

Proportions by Weight
Weq
BA
W
S
1.00
0.70
0.30
0.91
1.00
1.83
3.00
1.00
0.50
0.10
0.57
1.00
1.14
3.00
-

P
0.09
0.17
0.03
0.06

For the mechanical properties analysis, two mix designs were developed to
contain a high and low amount of NaOH pellets. The mix designs are listed in Table 3.7,
where “LFA” is off-specification fly ash, “BA” is bottom ash, “W” is water, and “P” is
NaOH pellets. “M-High” represents the Meramec mix with high NaOH content, and “MLow” represents the Meramec mix with low NaOH content.

Table 3.7: One-Part Mix Designs for Mechanical Properties Testing

Mix Design
M-High
M-Low

LFA
1.00
1.00

Proportions by Weight
BA
W
P
1.00
0.82
0.10
1.00
0.80
0.03

3.4.2. Spread Test. Refer to Section 3.2.3.

36
3.4.3. Material Placement. For the material placement procedure for the onepart versus two-part geopolymer CLSM analysis, 5.5” cube molds were used (refer to
Section 3.1.2). For the mechanical properties analysis, the mixtures were poured into
smaller, 3x1 cube molds with 3.5” dimensions, as seen in Figure 3.7.

Figure 3.7: Mechanical Properties Analysis 3.5” Cube Mold

3.4.4. Curing. For the one-part versus two-part geopolymer CLSM analysis, the
specimens remained at ambient temperature for the total duration of curing. For the first
24 hours, the specimens remained in the mold. After 24 hours and if setting has occurred,
the specimens were demolded, left uncovered, and placed in an ambient temperature
environment. If the specimens were not able to be demolded without damaging the
specimen, the specimen was left in the mold until necessary strength has been achieved.
For the mechanical properties testing with the M-High and M-Low specimens, the
hardened cubes of CLSM were soil-encapsulated and left in an ambient environment.
This was done as to replicate the environment for on-site applications. The cubes were
placed in a container, as seen in Figure 3.8, and then fully covered with sand on all sides.
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The specimens remained encapsulated by soil up to the respective compressive testing
date.

Figure 3.8: Soil Encapsulation of Mechanical Properties Analysis Specimens

3.4.5. Compressive Strength Test. Refer to Section 3.1.4. For specimens that
were unable to be demolded by the test date, the strength for that day was recorded as 0
psi.

3.5. PERFORMANCE AND COST COMPARISON ANALYSES
In this study, the one-part mix designs (M-07-D and L-05-D) developed in the
previous study are compared to conventional mix designs currently used in industry.
Spread tests and compressive strength tests were performed on the conventional CLSM
mixes to compare with data for the geopolymer mixes. Additionally, a cost analysis was
performed on the geopolymer mixes to compare with the price of conventional CLSM.
3.5.1. Mixing. The same mixing procedure for the one-part geopolymer mixes, as
presented in Section 3.3.1, was used on the convention CLSM mixes. The fine aggregate
was placed in the mixer, and then fly ash (if applicable) and cement were added. Water
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was then slowly added over time. The materials were then mixed until reaching
homogenous consistency.
Three conventional CLSM mix designs from two sources were used in this study.
A mix design derived from the American Concrete Pipe Association (OPC-1) [68], a mix
design containing no fly ash sourced from the local ready mix (OPC-2) [69], and a mix
design containing fly ash sourced from the local ready mix (OPC-3) [69] were used as
functional references for one-part geopolymer CLSM mix designs developed in the
previous study. The proportions for the conventional and geopolymer mix designs are
listed in Table 3.8. Off-specification fly ash (LFA), bottom ash (BA), dry NaOH pellets
(P), and water (W) were used for the geopolymer mixes. Water (W), cement (Cm), class
C fly ash (FA), and concrete sand for the fine aggregate (AGG) were used for the
conventional ordinary Portland cement (OPC) CLSM mixes.

Table 3.8: Mix Designs for Comparison Analysis

Mix Design
M-07-D
L-05-D
OPC-1
OPC-2
OPC-3

LFA
1.00
1.00
-

Proportions by Weight
BA
P
W
Cm
1.00 0.09 0.91
1.00 0.03 0.57
6.00 1.00
0.35 1.00
0.35 1.00

FA
0.00
0.00
1.00

3.5.2. Spread Test. Refer to Section 3.2.3.
3.5.3. Material Placement. Refer to Section 3.1.2.
3.5.4. Compressive Strength Test. Refer to Section 3.3.6.

AGG
30.0
27.0
27.0
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3.5.5. Cost Analysis. The four components of geopolymer CLSM—offspecification fly ash, bottom ash, water, and NaOH pellets—were analyzed for associated
cost. Firstly, the coal ash is assumed to have no cost. Off-specification fly ash and bottom
ash, due to the expense of permanent handling and/or disposal, is provided by coal power
manufacturers at no cost to implement into other application. Similarly, per the American
Water Works Association, the average price for water in the United States is
approximately $1.50 per 1,000 gallons [70]. Due to this low cost, the price for water was
neglected for this cost analysis. Therefore, the cost for the geopolymer CLSM was
primarily dependent on the cost for NaOH pellets. Additional costs, such as
transportation, were neglected in this analysis due to the consistency between geopolymer
and conventional CLSM if the geopolymer CLSM were to be industrialized and supplied
at local ready mixes. A range of cost for NaOH was established and applied accordingly
to the geopolymer mix designs to create a cost comparison with conventional CLSM.
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4. RESULTS AND DISCUSSIONS

4.1. EFFECTS OF MOLARITY
The high silica (SiO2) content of the off-specification fly ash and bottom ash
implies that reactivity with an alkaline solution is probable. This would, in turn,
encourage geopolymerization to occur, thus promoting strength development within the
material. This hypothesis was tested through a coal ash-alkaline solution compatibility
test using varying alkaline solution molarities to determine whether a change occurs
when adding NaOH. Three mix designs for each coal ash source were compared to
evaluate these results: a control mixture containing no NaOH, or 0 M, solution (M-0M
and L-0M), a mixture containing 5 molar NaOH solution (M-5M and L-5M), and a
mixture containing 10 molar NaOH solution (M-10M and L-10M). All specimens were
cured at the ambient temperature of 73°F. The two specimens containing NaOH solution
were made with equal proportions of liquid. However, to maintain flowability
comparable to the control mixture, the water content of the geopolymer specimens had to
be increased.
Figure 4.1 shows the compressive strength results of the control mixture, the low
NaOH concentration mixture, and the high NaOH concentration mixture after 24 hours of
ambient curing. For Meramec mix designs, the control, low molarity, and high molarity
specimens had compressive strengths of 66 psi, 25 psi, and 46 psi, respectively. For the
Labadie mix designs, the control, low molarity, and high molarity specimens had
compressive strengths of 60 psi, 45 psi, and 233 psi, respectively.
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Meramec mixtures containing NaOH had reduced 1-day compressive strengths
compared to the control specimens. However, this could also be due to the increase in
liquid content to improve flowability. The specimen made with 10 M NaOH solution,
however, had nearly double the strength to the low concentration mixture and a
comparable strength to the mix design containing no alkaline solution. The Labadie mix
design with 5 M NaOH solution also had a decrease in 1-day compressive strength
compared to the control mixture. However, despite the additional water, the 10 M NaOH
solution-based Labadie mix had a significantly higher compressive strength than the
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control mixture.

300
0M Mix

5M Mix

10M Mix

250
200
150
100
50
0

M-0M

M-5M

M-10M

L-0M

L-5M

L-10M

Mix Design
Figure 4.1: Molarity Effects for NaOH Solution-Based CLSM

From this analysis, it is concluded that the addition of NaOH solution influences
the properties of the mixture. The 5 M NaOH solution has a negative impact on
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mechanical properties for both mix designs, while the 10 M NaOH solution displayed
preferential properties within the mixtures. The Meramec 10 M solution-based specimen
has a comparable compressive strength to the control mixture, and the Labadie 10 M
solution-based specimen has highly improved compressive strength. Therefore, the
molarity effect tests confirmed that geopolymerization is an active mechanism in the
NaOH-based CLSM strength development process. The direct effects on early-age
compressive strength by alkaline solution addition of varying molarities show that the
strength development process can be either hindered or improved through the usage of an
alkaline solution.

4.2. EFFECTS OF TEMPERATURE
The same mix designs from the molarity effects testing were used to test the
temperature effects on NaOH-based CLSM. The two NaOH solution-based mix designs
for the Labadie coal ash source were compared to evaluate these results: a mixture
containing an alkaline solution of low concentration (L-5M) and a mixture containing an
alkaline solution of high concentration (L-10M). Two specimens of each mix design were
made and then cured at contrasting temperatures: one specimen was cured at an ambient
(A) temperature of 73°F, and one specimen was cured at a hotter, summer (H)
temperature of 86°F. The Meramec mixtures were not tested for temperature effects due
to the similar chemical compositions.
Figure 4.2 shows the compressive strength results after 24 hours of curing for the
summer-cured specimens (L-5M-A and L-10M-A) with that of the ambient-cured
specimens (L-5M-H and L-10M-H). The low concentration specimens cured at ambient
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and summer temperatures recorded 1-day compressive strengths of 45 psi and 63 psi,
respectively, and the high concentration specimens measured at 233 psi and 674 psi,
respectively. The compressive strength for the 5 M NaOH solution-based specimen
increased by 1.4 times when cured at a summer temperature, and the 10 M NaOH
solution-based solution increased by 2.8 times. Therefore, the 1-day compressive strength
multiplier doubled as the molarity of the NaOH solution doubled, resulting in a solution

1-Day Compressive Strength (psi)

molarity multiplier-to-compressive strength multiplier ratio of 1:1.
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Figure 4.2: Temperature Effects for NaOH Solution-Based CLSM

The compressive strength results display an increasing sensitivity to heat with an
increase in NaOH content. When increasing the curing temperature from ambient
conditions (73°F) to summer conditions (86°F), there is a 1:1 relationship between NaOH
solution molarity multiplier and compressive strength multiplier. Therefore, the direct
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temperature effects on the specimens confirm that geopolymerization is a governing
strength development mechanism in coal ash-based CLSM containing NaOH solution.

4.3. OPTIMIZATION OF TWO-PART GEOPOLYMER CLSM MIX DESIGN FOR
WORKABILITY AND STRENGTH
In this stage of the study, relationships of material proportions with fresh and
mechanical properties were established. Two-part mix design, containing offspecification fly ash, bottom ash, 10 M NaOH solution, and water, were compared. The
off-specification fly ash and bottom ash remained constant, but the alkaline solution and
water quantities were adjusted. The fresh properties were tested by a spread test and a pH
reading, and the mechanical properties were tested by a compressive strength test.
The two-part mix mixing procedure required the combination of the offspecification fly ash and bottom ash prior to mixing. Due to potential for powder particles
to escape the mixer, a cover was placed over the mixer during the process to contain the
dry material. The cover was removed to add liquid and NaOH solution as necessary.
Additionally, due to the limitations of the standing mixer, dry particles located on the
bottom of the mixer were not stirred. Therefore, periodic stops were required to manually
scrape and stir the mixer throughout the mixing procedure.
Figure 4.3 shows the relationship between water content, as represented by a
water-to-off-specification fly ash ratio (W/LFA), and flowability, as represented by
spread. The graph shows an increase in spread for both sources as the water content
increases. The Meramec mixes had flowability measured for W/LFA ranging from 0.4 to
0.8 with increasing spread from 4 inches to over 12 inches. The Labadie mixes had
W/LFA of 0.4 to 0.6 with spreads increasing from 4 inches to over 12 inches as well.
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As expected, when there is an addition of water, the particles are able to be
sufficiently coated, and remaining water is contributed to the flowability of the mixture.
The Meramec and Labadie mixes did not show proper flowability, having a minimum
spread of 8” per ASTM D6103 [8], until the W/LFA value was at approximately 0.6 and
0.5, respectively. In contrast, excess water led to segregation and bleed water, primarily
in mixes with spread measuring above 12 inches. The Labadie mixtures were more
sensitive to the increase of water content as compared to the Meramec mixes, resulting in
segregation at a W/LFA value of 0.6. Meramec mixes did not show segregation until the
W/LFA value reached 0.8.
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Figure 4.3: Relationship between Water Content and Flowability for Two-Part Mix
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Figure 4.4 displays the relationship between NaOH content, as represented by
NaOH-to-off-specification fly ash ratio, and spread. These two factors did not show a
correlation. This is likely due to the combatting mechanisms of water and alkaline
material with the coal ashes. The NaOH solution, due to being in liquid form, was able to
coat the material and aid in flowability. However, the alkaline content of the solution,
reacted with the coal ash particles in the mixture upon contact. This reaction caused a
stiffening reaction as the geopolymerization and hydration processes activated. The water
content of the solution promoted flowability of the mixture; however, the NaOH content
of the solution accelerated the setting of the material. Therefore, the solution did not
provide a direct correlation with flowability.
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Figure 4.5 displays the lack of relationship between pH and flowability of the
mixture. The pH was expected to more accurately represent the combination of water and
solution added to the mixture. However, the chemical reactions within the mixture varies
significantly due to non-homogeneity within each infinitesimal region of the mixture, so
the reaction rate is not consistent throughout the sample. Similarly, the reaction is highly
dependent on time, so the reading of the pH rapidly fluctuates as the reaction progresses.
Overall, the pH value is dependent amongst the position of probe, homogeneity of
material, time of pH reading, and reaction rate of material. Due to these limitations, pH is
not a feasible test to represent the combination of water and alkaline solution content.
Nevertheless, the pH value was comparable to conventional CLSM, ranging between 10
and 13 for all mixes.
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Figure 4.6 represents the relationship between flowability and compressive
strength. As the spread increased, the early age compressive strength decreased. Meramec
mixes had decreasing 1-day compressive strength from 86 psi to 8 psi for spreads ranging
from 4 inches to 13 inches, and Labadie mixes had decreasing 1-day compressive
strength from 72 psi to 7 psi for spreads ranging from 4 inches to 13 inches. This is due to
several phenomena, such as the following: evaporation of bleed water, weak spots in
areas of high water content, and reduction in alkali concentration. Additionally, the
excess water dilutes the NaOH solution, thereby prohibiting the geopolymerization
reaction from occurring. This dilution of alkali solution also decreases the reaction rate,
thus significantly extending the setting time.
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Figure 4.7 shows the relationship between NaOH and early age compressive
strength. As expected, the compressive strength increased as the NaOH content,
represented by NaOH-to-Off-specification fly ash ratio (NaOH/LFA), increased. The
Meramec specimens gradually grained in strength from 8 psi to 86 psi as the NaOH/LFA
ratio increased from 0 to 0.5. Labadie, on the other hand, had a sharp increase in strength,
increasing in 1-day compressive strengths as low as 7 psi to strengths as high as 72 psi
with only an increase in NaOH/LFA from 0 to 0.2. This is due to the accelerated reaction
rate caused by the geopolymer mechanisms between the alkali solution and coal ash
materials. The higher concentration mixes—mixes containing the same water content but
increased NaOH solution content—increases the rate of reaction, while the increased
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volume of solution improves the particle coating capabilities and coal ash-alkali contact.
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The requirements for CLSM per ACI Committee 229 [4] are spread of at least 8”
without segregation and a 1-day compressive strength between 10 psi and 300 psi. Based
on these properties, the mix designs, listed in Table 4.1, met necessary CLSM
parameters. This table lists the mix designs, along with the spread and 1-day compressive
strengths (f’1) for these optimized mix designs. This table concludes that the water-to-fly
ash ratio should be within 0.5 to 0.7 for Meramec mix designs and within 0.45 to 0.57 for
Labadie mix designs to meet flowability requirements. The NaOH solution-to-offspecification fly ash ratio should be within 0.20 to 0.5 for the Meramec mix designs and
0.10 to 0.15 for the Labadie mix designs to meet the minimum and maximum
compressive strength requirements.

Table 4.1: Optimized Two-Part Geopolymer CLSM Mix Designs

Mix Design
M-04
M-07
M-09
M-11
M-13
M-14
L-05
L-08
L-10
L-12

Proportions by Weight
LFA BA W
S
1.00 1.00 0.70 0.20
1.00 1.00 0.70 0.30
1.00 1.00 0.65 0.35
1.00 1.00 0.60 0.40
1.00 1.00 0.70 0.40
1.00 1.00 0.50 0.50
1.00 1.00 0.50 0.10
1.00 1.00 0.52 0.13
1.00 1.00 0.45 0.15
1.00 1.00 0.50 0.15

Testing Results
Spread (in)
f’1 (psi)
11.0
10.1
8.75
15.4
10.0
27.4
10.5
23.6
9.50
21.4
9.50
44.9
8.00
35.3
8.00
43.8
8.75
39.1
9.50
29.6
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4.4. ONE-PART GEOPOLYMER CLSM MIX DESIGN
Two mix designs from each source was selected from the two-part mix study to
be used in the development on a one-part CLSM mix design. The Meramec and Labadie
mix designs were adjusted to contain dry sodium hydroxide (NaOH) pellets. The
equivalent water used to develop the 10 M NaOH solution for the two-part mix was
added to the mixing water as to result in equivalent water and NaOH contents between
the two-part and one-part mixes. Additionally, a coal ash ratio adjustment was made to
the one-part mix to test the effects of increased bottom ash content.
Firstly, the one-part “dry” mixes were compared to the two-part “wet” mixes. The
one-part and dry-part mix required a stage of the mixing procedure to homogenize all the
dry materials prior to the addition of water. Due to the low density of the powder
particles within the mixture, some of the dry material was lost during the mixing stage.
To minimize this issue, the water was adding slowly at the start of the mixing procedure.
This dampened and densified the powder particles, thus preventing the particles from
escaping the mixer. This did, however, cause inconsistencies in the total volume between
the two batches. Measurement accuracy, procedure precision, human variance, and
material variance could also attribute to potential inaccuracies within results.
Two mixes for Meramec were compared to test the one-part theory. A mix
containing more water and less NaOH, M-07, was compared with another mix, M-09.
Figure 4.8 shows the comparisons in flowability between the Meramec two-part mixes,
M-07-W and M-09-W, and the one-part mixes, M-07-D and M-09-D. The M-07 mix
increased in spread from 10.5 inches to 11.0 inches, remaining fairly consistent. The M09 mix also showed a slight increase in spread for the one-part mix, showing an increase
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from 8.5 to 10 inches. The flowability improved for both one-part mixes but showed a
more significant change in the mix containing more NaOH, M-09. Given the high content
in surface area due to the high composition of fine and powder particles, the Meramec
bottom ash mixtures require a high level of mixing water to induce sufficient flowability.
Since alkali solution preparation was not performed for the one-part mixes, the additional
mixing water (the water used to prepare solution in the equivalent two-part mix)
contributed to the flowability of the mixture.
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Figure 4.8: Meramec Two-Part vs. One-Part Mix Flowability

Two mixes for the Labadie source were also analyzed: L-05 and L-13. The L-13
mixture had twice the solution than that of L-05 and 20% less water. In Figure 4.9, the
results for the Labadie two-part mixes, L-05-W and L-13-W, and one-part mixes, L-05-D
and L-13-D, are recorded. Both one-part mixes had a decrease in flowability. The L-05
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mix decreased in spread from 10.75 inches to 7.5 inches, thus not meeting the flowability
requirement. The L-13 mix also showed a decrease, reducing from 5.25 to 4 inches.
The Labadie mixtures had lower water contents compared to the Meramec
mixtures and also had a higher sensitivity to heat, as seen in the “Molarity Effects”
section (Table 4.1). During the NaOH solution preparation process for the two-part
mixes, the alkaline solution rested for at least 2 hours prior to usage to allow the heat
from the reaction to be released. In the one-part mixes, the dry NaOH pellets were added
in the mixer, with water being added directly to it. Therefore, this highly exothermic
reaction occured during the mixing process. This acted as a catalyst to the reaction,
producing an earlier stiffening of the material in the one-part mix, as displayed in the
flowability results.
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Figure 4.9: Labadie Two-Part vs. One-Part Mix Flowability
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The mechanical properties for the two-part (W) and one-part (D) mixes were also
compared. Figure 4.10 shows 1-, 7-, and 28-day compressive strength results for the
Meramec low (M-07) and high (M-09) NaOH mixes. The compressive strengths for the
M-07-W mix were 20, 24, and 91 psi, and the M-07-D mix results were 11, 23, and 67
psi. The M-09-W mix compressive strengths were 28, 53, and 217 psi, and the M-09-D
results were 29, 53, and 173 psi. The figure shows that there is a decrease in compressive
strength for all cure durations. This result is caused by the increased water content. The
water-to-LFA content for the two-part Meramec mixtures were at 0.70 for M-07-W and
0.65 for M-09-W, and these values were increased to 0.91 and 0.89, respectively, for the
one-part mixes. Due to potential non-homogeneity within the mixture, high water
contents in particular regions could effectively dilute the NaOH, thereby creating weak
spots and reducing the compressive strength. However, this reduction in strength is an
advantageous property for CLSM, for a decelerated strength development can improve
the excavatability of the material. As seen for mix M-09-W, the maximum limit of 300
psi is almost approached by day 28; whereas, the one-part mix (M-09-D) has only
reached 58% of the maximum limit.
Figure 4.11 illustrates the results for the 1-, 7-, and 28-day compressive strengths
for the Labadie two-part (W) and one-part (D) mixes. The low (L-05) and high (L-13)
mixtures were compared. The L-05-W mix had compressive strengths of 28, 56, and 150
psi for 1, 7, and 28 days, respectively; and, the L-05-D mix had results of 32, 55, and 124
psi. The L-13-W mix had compressive strengths of 66 and 270 psi for 1 and 7 days, and
L-13-D mix had results of 50 and 231 psi. Therefore, the Labadie one-part mixes had
comparable strengths at day 1 and day 7 and a decrease in strength at day 28. Similar to
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Meramec mixes, the alkali regions were diluted due to the excess of water and lack of
homogeneity. This created weak spots and non-uniform strength within the one-part
specimens. Also, due to the coagulation of material during the mixing process, there was
an increase in voids, especially as water and NaOH solution was absorbed and reacted.
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Figure 4.10: Meramec Two-Part vs. One-Part Compressive Strength Results
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Figure 4.11: Labadie Two-Part vs. One-Part Mix Compressive Strength Results

56
The second study analyzed a one-part mix containing an off-specification fly ashto-bottom ash ratio of 1:3. An optimized mix design from both sources, meeting
flowability and compressive strength requirements, was selected for the ratio analysis.
Similar to the previous study, there was a fraction of material lost during the mixing
procedure due to the low density of the powder particles. This could create an
inconsistency within total volume, particularly of the finer particles. Additionally, due to
the decreased surface area of the material from increased volume of bottom ash, the rate
of water addition had to decrease. This was to prevent extreme segregation and extreme
agitation of water, thus promoting additional escape of material. Other variances due to
measurement accuracy, human variance, and material variance could also attribute to
potential error within results.
Figure 4.12 shows the spread for the “wet” two-part mixes (W), “dry” one-part
mixes (D), and “dry” one-part ratio-adjusted mixes (DR). The two-part and one-part
mixes had a 1:1 off-specification fly ash-to-bottom ash (LFA-to-BA) ratio, while the onepart ratio-adjusted mix had a 1:3 ratio. Per the figure, the Meramec one-part mix
decreased from a spread of 11 inches to 8 inches when the bottom ash content increased,
and the Labadie one-part mix increased from 7.5 inches to 10 inches when the bottom ash
content increased. The Meramec DR mix decreased in flowability due to the increased fly
ash-to-NaOH ratio. Since the fine and coarse particles of the bottom ash are considered
inert, the reaction rate between the powder particles of the coal ashes and the NaOH was
increased. This accelerated the setting time, or hardening, of the material. Despite these
occurrences, the flowability of the Meramec DR mix still maintained required flowability
per CLSM standards. The Labadie mixture, on the other hand, showed an increase in
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flowability due to the reduced powder particle composition and comparatively low NaOH
content. Given the lower ratio of NaOH per unit volume compared to Meramec, the
sensitivity to the ratio change was not as high. Therefore, the phenomenon associated
with the particular surface area governed in this mix design. Therefore, due to the
decrease in powder particles, more mixing water was able to be contributed to the
flowability. For high NaOH contents, Labadie would likely expect a similar reaction to
that of Meramec, displaying a decrease in flowability. Therefore, a NaOH limit could be
developed to determine which phenomena would govern flowability: geopolymerization
or particle lubrication.
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Figure 4.12: LFA-to-BA Ratio Effects on Flowability
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The compressive strength of the ratio-adjusted mix was compared alongside the
two-part and one-part mix equivalents. Figure 4.13 represents the results for the Meramec
M-07 mixtures. The M-07-DR mixture did not meet the minimum strength requirement
of 10 psi at day 1. However, the strength increased significantly to 73 psi, surpassing the
strength of the one-part mix, by day 28. The reduction in 1-day strength was primarily
caused by the limitation in strength by the bottom ash fine and coarse particles. Since
these particles are considered inert, only the powder particles can attribute to the strength
development mechanism. Therefore, the increase in inert material resulted in a decrease
in early-age strength. However, over time, the strength development rate increased as the
NaOH and water particles continued to react with the powder particles.
Geopolymerization, along with pozzolanic reactions, contributed to the significant
increase in compressive strength over longer cure times.
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Figure 4.13: Meramec BA-to-LFA Ratio Effects on Compressive Strength

59
Figure 4.14 compares the compressive strengths of the two-part, one-part, and
ratio-adjusted equivalents for the Labadie mix designs. The Labadie mix with increased
bottom ash content, L-05-DR, had compressive strengths of 12, 17, and 96 psi at 1, 7, and
28 days. This mix met the minimum for 1-day compressive strength, but the compressive
strength is still significantly lower than the other mix equivalents for all testing dates.
This, again, is due to the increase in inert material and decrease in off-specification fly
ash. However, this can be advantageous, as it improves the excavatability for the
material.
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Figure 4.14: Labadie BA-to-LFA Ratio Effects on Compressive Strength

For the mechanical properties testing, the mix with the high NaOH content (MHigh) and the mix with the low NaOH (M-Low) content were compared. Figure 4.15
shows the compressive strength of these specimens across 1, 7, and 28 days. The
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minimum compressive strength, excavatability limit, and structural fill limit are also
plotted. The M-Low mixture meets the minimum ACI requirement by recording at 16 psi
at 1 day, and the strength increases to an average of 30 psi by day 28. The M-High
specimens approach the excavatability limit at 1 day, having a strength of 289 psi. This
value increases to a higher magnitude by day 28, recording at 1609 psi. The M-Low and
M-High contain specific mechanical properties that can be advantageous for certain
applications. The M-Low, due to the lower strength, can maintain properties allowing for
excavatability in long-term applications. The M-High mix design has higher strengths;
therefore, this mix can be advantageous for accelerated construction schedules. For
applications requiring higher compressive strength, such as structural backfills, this mix
design could be preferred. However, it is recommended to decrease the NaOH content
when excavatability is a requirement, as the compressive strength for this mix exceeds
the excavatability limit by day 7.
Figure 4.16 represents the strength development of the M-High and M-Low
mixtures as a percent of the compressive strength at 28 days (f’28). The percent of total
28-day compressive strength achieved for the M-Low mixture at 1 day, 7 days, and 28
days is 24%, 62%, and 100%, respectively. The percent in total compressive strength the
M-High mixture achieved at day 1 was 52%, at day 7 was 69%, and at day 28 was 100%.
As can be seen in the figure, the mix design having a low NaOH content, M-Low, obtains
most of the compressive strength by the first day. The strength development then tapers
with time. In contrast, the mix with a higher NaOH content, M-High, increases in
strength development with time. The M-High mixture has a much more consistent
strength development than the M-Low mixture. The M-High mixture experiences
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yielding, which signifies a varying crystal structure than the M-Low specimen. Therefore,
it can be concluded that the high content of alkaline solution created unique compounds
that contributed to the strengthening mechanisms within the material.
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4.5. PERFORMANCE AND COST COMPARISON ANALYSES
Three conventional ordinary Portland cement (OPC) CLSM mix designs—OPC1, OPC-2, and OPC-3—and two geopolymer mix designs—M-09-D and L-05-D—
underwent performance and cost analyses. The OPC mix designs are listed in Table 4.2,
where C is cement, FA is fly ash, AGG is sand, and W is water.

Table 4.2: Conventional CLSM Mix Designs

Mix Design
OPC-1
OPC-2
OPC-3

C
1.00
1.00
1.00

Proportions
FA
AGG
0.00
30.0
0.00
27.0
1.00
27.0

W
6.00
0.35
0.35

The first mixture tested was OPC-1. During the mixing process, additional water
had to be added to make the material flowable. Once the mixture achieved a homogenous
consistency during mixing, the spread test was performed. Figure 4.17 displays the
spread test for this mix design. As can be seen in the figure, the mixture experienced
extreme segregation once resting. The OPC-1 mixture had a spread of 4 inches, thereby
not meeting the flowability requirements due to the segregation and negligible spread.
The second mix design tested was OPC-2. Similar problems occurred to that of
OPC-1 during the mixing process. Due to the lack of cement and absence of fly ash, there
was not sufficient binding within the mixture. Figure 4.18 show the mixture being tested
for flowability. As shown in the figure, the OPC-2 mixture was also subject to extreme
segregation, thereby not meeting flowability requirements either.
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Figure 4.17: Spread Test of OPC-1

Figure 4.18: Spread Test of OPC-2

The final conventional CLSM mixture tested was OPC-3. The consistency of the
mixture was improved due to the increase of binding material through the addition of fly
ash. Figure 4.19 shows the spread test of the OPC-3 mixture. There is still segregation;
however, it is considerably improved conditions, with a spread of 9 inches, compared to
the OPC-1 and OPC-2 mixtures containing no fly ash.
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Figure 4.19: Spread Test of OPC-3

The geopolymer CLSM mixtures were tested to compare with the conventional
mixes. The one-part mix from Meramec, M-09-D, was used for this comparison. The
bottom ash, off-specification fly ash, and NaOH pellets were added, in order, and then
mixed thoroughly in the mixer. Water was added slow as soon as the mixer started as to
minimize loss of fly ash material. No clumping or segregation occurred during mixing.
Figure 4.20 shows the spread test for the Meramec mixture, displaying a spread of 10
inches. This sample represents a CLSM of ideal flowability, containing a minimum
spread of at least 8 inches and no segregation. Similarly, the Labadie mix design, L-05-D,
showed suitable flowability as well. Figure 4.21 shows the spread test for the Labadie
mix, displaying a spread of 8.5 inches with no segregation.
The conventional and geopolymer CLSM specimens both had
environmental effects prior to compressive strength testing. Due to the extreme
segregation of the OPC-3 mix, there was excessive bleed water for each of the specimens.
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Figure 4.22 shows the effects of this occurrence. As seen in the figure, this evaporation of
this bleed water resulted in an unsmooth surface on the exposed side and a reduction in
overall volume.

Figure 4.20: Meramec One-Part Geopolymer CLSM Spread Test

Figure 4.21: Labadie One-Part Geopolymer CLSM Spread Test
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Figure 4.22: Effects of Bleed Water on OPC-3 Specimens

The geopolymer specimens were also subject to environmental effects. Figure
4.23 shows the effects from efflorescence due to the bleeding of salts within the
specimen. This resulted in damage to exposed surfaces that could have caused potential
weaknesses in the units and reductions in compression strength results. However, these
environmental effects are significantly reduced when placed in soil as intended in field
applications, as seen in Figure 4.24.

(a) Meramec Specimens

(b) Labadie Specimens

Figure 4.23: Effects of Efflorescence on Geopolymer Specimens
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Figure 4.24: Environmental Effects of Soil-Encapsulated Geopolymer Specimens

Figure 4.25 shows the compressive strength results for the conventional and
geopolymer specimens. The OPC-3 specimen did not meet the minimum compressive
strength requirement on day 1, recording at 0 psi due to not being able to be demolded,
while both geopolymer mixes reached approximately 30 psi. The conventional CLSM
gained significant strength by day 3 at 42 psi; however, the strength development rate
began to decrease. The compressive strength for OPC-3 was 69 psi at day 7 and 95 psi at
day 28. The geopolymer mixes, on the other hand, had a significant increase in strength
after day 7. The Meramec mix had 7-day and 28-day compressive strength of 52 and 173
psi, respectively, and the Labadie mix had 7-day and 28-day compressive strength of 55
and 124 psi.
The results from this figure conclude that the geopolymer CLSM specimens have
superior early age strengths, while the conventional CLSM fails to meet the minimum
strength requirement at one day. The accelerated strength development of the geopolymer
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specimens could be a potential issue, though, if the excavatability compressive strength
limit is surpassed. However, this issue can be mitigated by adjusting the mix design.
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Figure 4.25: One-Part vs. Conventional CLSM Compressive Strength Results

The final analysis of this research is the cost analysis of the geopolymer CLSM.
The cost for conventional CLSM is approximated at $90 per cubic yard [69], but this
price can vary by location, materials, and application. The geopolymer materials contain
four key components: bottom ash, off-specification fly ash, NaOH pellets, and water.
Maintenance, storage, and disposal of coal ash waste can be significant expenses to coal
power companies. Therefore, the costs for these off-specification coal ashes are
nonexistent, for coal plants will distribute this material for free as to eliminate the need
for permanent material handling. Then, sodium hydroxide pellets, depending on the
manufacturer and purity of chemical, can range in cost from $0.15/lb to $0.45/lb [71].
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Water and transportation were neglected for this analysis due to the consistency between
materials, along with the assumption that if industrialized, local ready mixes would carry
these materials in addition to conventional CLSM components. Therefore, the cost for
geopolymer CLSM is solely reliant on the content of NaOH.
Figure 4.26 illustrates the economic feasibility of using geopolymer CLSM based
on the cost of NaOH. A low cost range of $0.15/lb of NaOH and a high cost range of
$0.45/lb of NaOH is plotted on a graph with respect to pounds of NaOH pellets. These
lines were then used to determine the amount of NaOH pellets that can be used per cubic
yard (cy) of CLSM to be economically feasible compared to conventional CLSM. From
this figure, the geopolymer mix designs are economically advantageous as long as the
content of NaOH pellets stays below 201 and 600 pounds per cubic yard of CLSM for the
maximum and minimum prices of NaOH, respectively. The optimized mixtures from this
research program and the respective performance results are listed in Table 4.3. These
mixtures were further analyzed to determine the average cost for these mix designs per
the market value of NaOH. These values are plotted on the graph below to show that all
optimized mixtures meet the requirement for economic feasibility.
Table 4.3 shows the cost comparison for the conventional CLSM mixes with the
Meramec and Labadie geopolymer mixes. The performance results for spread and 1-day
compressive strength (F'1) and the minimum (Cost, min), maximum (Cost, max), and
average (Cost, ave) cost per cubic yard ($/cy) of each mix design are listed. The
minimum, maximum, and average costs are $0.15, $0.45, and $0.30 per lb of NaOH. Per
this table, the geopolymer CLSM mixes have considerably lower costs than that of
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conventional CLSM, saving up to 94% of total material costs. These costs can be further

Cost of CLSM ($/cy)

reduced if less NaOH pellets are used to maintain excavatability.
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Figure 4.26: Geopolymer vs. Conventional CLSM Cost Analysis

Table 4.3: Geopolymer CLSM vs. Conventional CLSM Cost Comparison
Mix
Design
OPC-3
M-03
M-07
M-09
M-11
M-12
M-13
L-05
L-08
L-10
L-12

Results
Spread
F'1
(in)
(psi)
9.00
0.0
11.00
10
8.75
15
10.00
27
10.50
24
12.00
13
9.50
21
8.00
35
8.00
44
8.75
39
9.50
30

NaOH
(lb/cy)
0.0
65
94
110
127
123
116
38
47
57
55

Cost Analysis
Cost, min
Cost, max
($/cy)
($/cy)
90.00
9.77
29.32
14.03
42.08
16.49
49.48
19.00
56.99
18.45
55.34
17.35
52.04
5.63
16.88
7.10
21.31
8.52
25.57
8.23
24.68

Cost, ave
($/cy)
19.55
28.05
32.99
38.00
36.89
34.70
11.26
14.21
17.04
16.46
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Overall, the geopolymer CLSM mixes had improvement in flowability and
strength over the conventional CLSM mixes. The cost of the geopolymer mixes were also
significantly lower than the conventional CLSM mixes due to the content of NaOH used
for the low-strength material. However, the one-part geopolymer CLSM still had rapid
strength development rates and corrosive characteristics, along with highly exothermic
reactions. Therefore, the mix designs should be adjusted to maintain excavatability, and
proper safety gear should be worn while handling the material.
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5. SUMMARY AND CONCLUSIONS

Presented in this study is a full fine aggregate and cement replacement for
controlled low-strength material (CLSM). Bottom ash and off-specification fly ash were
used for these replacements, respectively. The coal ash materials, retrieved from two
sources in Missouri, were used to test the flowability and compression strength of the
geopolymer CLSM alternative. Sodium hydroxide of 10 M was selected as the primary
alkaline due to its compatibility with the coal ash chemical composition. Due to the no
cost of the off-specification fly ash and bottom ash materials, an economically beneficial
alternative to conventional CLSM can be found in the coal ash-based geopolymer CLSM.
The cost of this material is dependent on the price of sodium hydroxide, which is variable
by manufacturer, grade of chemical, and bulk ordered. Therefore, the limit of the
economic advantage will rely on the chemical purchased.
During this study, several mix designs were prepared to develop relationships
between water content, NaOH content, flowability, and compression strength.
Comparisons were also made with mixes containing prepared NaOH solution with mixes
containing dry NaOH pellets, otherwise known as a one-part mix. Spread tests, pH tests,
and compression strength tests were done to measure these comparisons. Then, as a final
feasibility test, the geopolymer CLSM one-part mix underwent performance and cost
analyses against conventional CLSM mixes. The findings and conclusions from these
studies are as follows:
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1. Bottom ash, particularly due to the inert nature of the fine particles, was able to
serve as a 100% replacement to conventional fine aggregate. This would reduce the
negative impacts caused by natural resource depletion from the fine aggregate industry.
2. The chemical composition of the off-specification fly ash, along with the
pozzolanic properties, could react with the water and sodium hydroxide to serve as the
strength developing mechanisms. This would reduce the need for cement production,
thereby eliminating the negative impacts caused by CO2 emissions from cement
production, along with groundwater leaching from ash ponds used for coal ash disposal.
3. A one-part mix could be used to eliminate the need for corrosive solution
handling. However, the reaction within the mixer is still highly exothermic, and the mix
is still corrosive and can be dangerous upon contact with bare skin. Additionally, the mix
designs must be adjusted accordingly to maintain flowability and strength requirements.
4. The geopolymer coal ash-based CLSM contains preferential early-age strength
which could aid in construction scheduling, and it has improved flowability without
segregation. The geopolymer mixes were subject to carbonation when exposed to air, but
this phenomenon did not prevent the specimens from meeting compression strength
requirements.
5. The bottom ash-to-off-specification fly ash ratio could be adjusted to increase
the usage rate of bottom ash. However, due to the inert characteristic of the coarse and
fine particles of the bottom ash, along with the varying physical and chemical properties
of the bottom ash particles, the mix design must be adjusted accordingly to meet
flowability and compression strength requirements.
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6. The geopolymer one-part mix can significantly reduce the cost for CLSM by up
to 94% with the current NaOH prices. This could be further reduced by decreasing the
NaOH content for maintaining excavatability for long-term applications.
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6. FUTURE RESEARCH

This investigation shows the feasibility for using bottom ash and off-specification
fly ash CLSM to create a geopolymer alternative to the conventional construction
material. However, further analysis must be done on the new construction material.
1. A long-term compression strength analysis should be performed to develop a
mix design that will have high early age strength while maintaining excavatability after
long-term applications. The geopolymerization process and other chemical reactions
occurring within the CLSM should also be analyzed to better understand the strength
developing mechanism. Similarly, the bottom ash particles—powder, fine, and coarse—
should be investigated to determine the inert and reactive characteristics of certain
particle sizes when in contact with the alkaline solution.
2. A study on user-friendliness of the material should be performed to further
reduce the corrosive nature of the NaOH-based mix. Though the one-part mixes
developed in this study reduces the contact with corrosive chemicals, it does not fully
eliminate it. Therefore, an alternative chemical to NaOH or an alternative preparation
process should be developed to aid in this parameter.
3. An environmental study is also recommended to better understand the leaching
potential and the embodied energy associated with the geopolymer CLSM. The metal
within the off-specification fly ash and bottom ash could potentially leach into
surrounding environments when implemented in the field. The leaching potential for the
material prior to setting and over long durations should be tested to understand the
limitations of this material to meet environmental regulations. The embodied energy and
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the CO2 emissions resulting from the geopolymer product should also be analyzed to
further understand the environmental effects of this material.
4. The compatibility with other materials, particularly those used for infrastructure
(i.e. steel, PVC, concrete) should be tested to determine if corrosion or other durability
concerns arise when there is contact between the geopolymer CLSM and infrastructure.
5. Limitations and quality testing for types of off-specification fly ash and bottom
ash should be developed. Coal ash with varying chemical and physical properties can
have an effect on the performance of the CLSM. Therefore, a statistical analysis should
be done on performance effects based on variances in coal ash batches and coal ash
sources. The chemical compositions should be analyzed against the geopolymer reaction
to determine the needed coal ash characteristics for feasibility in CLSM.
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APPENDIX

COAL ASH SAMPLE PHOTOGRAPHS

Figure A1: Sample of Meramec Off-specification fly ash

Figure A2: Sample of Meramec Bottom Ash
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Figure A3: Sample of Labadie Off-specification fly ash

Figure A4: Sample of Labadie Bottom Ash
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